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TRAUMA is a public health problem with consequences equal to those of
such major diseases as cancer, cardiovascular disease, and stroke, and is
similar to disease in many respects.! Trauma alters the body’s normal func-
tion and structure in characteristic and often predictable ways, but its causes
are known to only varying degrees. Stedman?2 defines disease as an ‘‘entity
characterized usually by at least two of these criteria: a recognized etiologic
agent (or agents), an identifiable group of signs and symptoms, or consistent
anatomical alterations.”’

Using Stedman’s terms, the ‘‘agent’’ of trauma may be a sharp object or
missile causing penetration of body tissues, a blunt object causing direct
compression and rupture of tissues at the impact location, or abrupt changes
in motion causing tissues to stretch and to separate under their own weight.
An example of the latter is the sudden stopping of the head, where injury to
the brain may occur as its motion lags behind that of the skull, causing brain
tissues to shear and stretch until vessels are torn or neurons damaged. In all
three situations the severity of the injury is related to the energy associated
with the penetration, blunt impact, or acceleration environment. Trauma also
has identifiable ‘signs and symptoms,”” including hemorrhage from rupture
or laceration, loss of consciousness from brain damage, loss of motor func-
tion from spinal cord injury, and shock. Finally, trauma can involve a wide
range of ‘‘anatomical alterations,”’ and typical patterns of injury have been
identified and studied in both clinical and experimental settings.

As with a disease, an understanding of the etiology of trauma is an impor-
tant step toward its prevention and control. Yet much is still to be learned
about trauma mechanisms, particularly with regard to severe internal organ
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and tissue damage from nonpenetrating impact. Areas of current research
include the biomechanics and pathophysiology of anatomical lesions, both at
the gross and the microscopic level, and associated functional changes within
the body. Knowledge about these lesions is critical, not only for their own
prevention and treatment, but because they initiate the serious effects of
trauma, especially the debilitating changes to central nervous system tissues.

Although trauma is generally like a disease in definition, there are interest-
ing differences in the opportunities for medical and engineering intervention
(Figure 1). Cancer, for example, affords little chance to affect its lesions
immediately before or after diagnosis. In contrast, the effects of trauma’s
potential agents can be significantly mitigated if occupant protection devices
are in place during impact and if emergency medical care is available in the
minutes following. Cardiovascular disease and stroke can also benefit from
treatment during the acute phase, but, unlike trauma, prior intervention
through electronic monitoring or medication is only practical for a few tar-
geted patients. Trauma and these major diseases all share similar oppor-
tunities to minimize their incidence through preventive programs that may
alter the environment and habits of the potential victims as well as oppor-
tunities to reduce long-term disabling effects through treatment and
rehabilitation.

In the case of trauma, and particularly that occurring in the automotive
environment, the preventive and protective approaches have an enormous
potential for effective intervention. Some of these approaches, such as elim-
ination of drunk driving, are consistent with good overall health practices.
Others, such as the use of seatbelts, are already accepted norms amony large
segments of the population. The effectiveness of protective measures avail-
able in the potential impact environment itself, however, depends on an
understanding of trauma mechanisms, the development of technology to take
advantage of this understanding, and a public willing to take advantage of
this technology.

This paper summarizes what is known about why automotive crashes
occur, how and why injuries occur in these crashes, how devices and struc-
tures in the vehicle work to prevent or to reduce these injuries, and the
limitations and trade-offs inherent in the overall effectiveness of these protec-
tive systems. A case is then made for a more balanced approach to trauma
prevention and control, involving cooperation and consensus among a vari-
ety of organizations and agencies as an effective way to approach this signifi-
cant public health problem in the future.

Vol. 64, No. 5, June 1988



378 D.C. VIANO

\M’ACT INJURY,CANCER DIAGNOSIS,STROKE OR HEART ATI'ACK/

1L

PREVENTION REHABILITATION
INJURY INJURY
SAFE DRIVING HABITS-SEAT BELT USE PHYSICAL/COGNITIVE THERAPY
CANCER AND STROKE CANCER
DIET AND GOOD HEALTH HABITS COUNSELING AND

COSMETIC/PROSTHETIC SURGERY
STROKE AND HEART ATTACK

PHYSICAL/COGNITIVE THERAPY
DIET AND EXERCISE

CAREFUL DRIVING INJURY
NO DRUNK/DRUG DRIVING ACUTE CARE
STROKE AND HEART ATTACK SHOCK AND SEPSIS MANAGEMENT
PROPHYLACTIC DRUGS CANCER
CANCER SURGERY AND CHEMO/RADIATION
MINIMAL THERAPY
INTERVENTIONS STROKE AND HEART ATTACK
INTENSIVE CARE
H H
I 1
PROTECTION INJURY, STROKE AND HEART ATTACK
® INJURY EMS ASSISTANCE
VEHICLE CRASHWORTHINESS CANCER
SEAT BELT USE MINIMAL INTERVENTION

FRIENDLY INTERIORS
e CANCER AND STROKE
MINIMAL INTERVENTIONS

Fig. 1. Four principles of injury control: prevention, protection, treatment, and rehabilitation
at the time points in which they are most effective. Examples of intervention are given for
impact injury, cancer diagnosis, and stroke or heart attack.

Causes of Automotive Crashes

If crashes could be avoided altogether, there would be little need for
elaborate occupant protection structures or treatment and rehabilitation strat-
egies. While such a condition is very unlikely, a reduction in crashes is
attainable if it is first known why they occur. For many years, the common
assumption was that mechanical defects in vehicles caused most collisions
and loss-of-control events. Research into the causes of actual crashes, how-
ever, has proved this far from accurate.

Treat3 conducted an in-depth investigation of factors causing automobile
crashes. The investigation analysed more than 2,000 traffic accidents whose
types and severities represented the total population of police-reported
crashes. About three quarters of them involved only property damage, about
one quarter involved injuries to occupants, and only about 1% involved
deaths. On-site investigation of the crashes allowed an assessment whether
specific human, environmental, or vehicular factors were definitely, proba-
bly, or possibly involved as either causal or severity-increasing factors.
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A factor was considered causal if, in its absence, the accident would not
have occurred. This definition, however, allows several factors to be identi-
fied as causing a single accident, as was usually the case in those investi-
gated. A severity-increasing factor was one that was not necessary for
occurrence of the accident, but its removal would have lessened the severity
of the intial impact in terms of speed. Assessment of factors associated with
each crash involved two major steps: identify relevant deficiencies of drivers,
vehicles, and driving environment present in the accident sequence and as-
sess whether the accident would not have occurred had each deficiency been
corrected to its minimally acceptable state.

The results of the investigation indicated that human factors were the most
frequently implicated of the three categories, and vehicle factors were the
least frequently associated with motor vehicle crashes (Figure 2). Human
factors were implicated as a definite causal factor in 70.7% of the accidents,
environmental factors in 12.4%, and vehicle factors in 4.5%. These same
three categories were implicated as definite, probable, or severity-increasing
factors in a higher fraction of the crashes. Although more than one general
category as well as a number of factors within each category were found for
most of the accidents, in 26% of the cases investigated no definite cause was
established. In these cases, however, at least one probable cause was always
identified.

In 57.1% of the cases human factors were the sole cause of the accident. In
another 26.4% a combination of human and environmental factors was deter-
mined as responsible. In 6.2% of the crashes there were both human and
vehicular causal factors, and in 3.3% environmental factors only were caus-
ally associated with the crash. Other factor combinations accounted for even
lower fractions of accident causation.

Two general categories of human factors were identified as important to an
automobile crash. Human errors were responsible in the highest fraction of
crashes, with recognition and decision errors, improper look-out, inattention,
and the consequences of false assumptions and excessive speed being the
most frequently associated with the accident. In a lower fraction of the
crashes, human conditions were found to be causal factors in accidents.
These conditions fall into two general categories: one related to impairment
from alcohol, fatigue, drugs, or emotional problems and the other related to
unfamiliarity with the roadway or driving inexperience.

Environmental factors responsible for crashes were defined as roadway
design and condition, visibility, and all other precrash factors not related to
the driver or vehicle. Environmental factors most frequently associated with
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Fig. 2. Human, environmental, and vehicle factors causing motor vehicle crashes (data from
Treat3)

crashes were slick roads, obstructed view of the roadway, and transient
hazards.

Vehicle factors were overall the least frequent cause of crashes, and,
among these vehicular deficiencies, most were related to poor maintenance.
The largest vehicular factor associated with motor vehicle crashes was gross
brake failure, causing a sudden and complete loss of brake function in older
vehicles equipped with single-chamber master cylinders. These failures re-
sulted primarily from brake-hose damage or loss of pressure at the wheel
cylinders. Most tire and associated vehicle handling problems involved inad-
equate tread depth and underinflation. Vision obstructions from ice, frost, or
water were also classed as vehicle-related factors.

In summing up causal factors associated with motor vehicle crashes, hu-
man error and impairment are clearly involved to a high degree, with less
contribution from environmental factors and still less from vehicle factors.
Among the latter, poor maintenance or aging of vehicle components are most
likely to be involved. The obvious conclusion from this in-depth analysis is
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that vehicle design is not a particularly significant factor in accident causa-
tion, and that the issues of accident avoidance or reduction fall primarily
within the area of human behavior. Given the difficulties inherent in trying to
change human behavior and the limits of warning systems and other technical
aids in accident avoidance, it must be accepted that crashes will continue to
occur. The focus for the vehicle, then, is the development of means to
minimize the risks of injury associated with motor vehicle crashes. The
following sections address this issue.

Injury Biomechanics

The design of automotive occupant protection systems requires under-
standing of both the mechanisms of injury and human impact tolerance.
Injury mechanisms are the physical processes that result in tissue damage
and/or functional impairment, while human impact tolerance refers to the
levels of unusual stresses or loads that the human system can withstand with
little or no injury. This field of research is called injury biomechanics4 and, as
such, focuses on nonpenetrating types of injuries that can occur among both
restrained and unrestrained occupants of highway vehicles involved in
crashes. With sufficient information about injury mechanisms and tolerance,
engineers can develop systems that will maximize occupant protection across
the full range of crash configurations. This is achieved through the develop-
ment of realistic anthropomorphic test devices (dummies) and criteria to
evaluate their engineering measurements, which in turn are used to assess the
effectiveness of protective systems in the development stage as well as in
actual crashes.

TrRAUMA MECHANISMS

Impact between the human body and an external object can cause compres-
sion, stretching, and other deformation of tissues beyond their recoverable
limits. In an inorganic system this would be called mechanical failure; in the
human system it is called trauma. In some cases, there may be no apparent
physical damage, but functional changes may occur nonetheless.

Two basic mechanisms are associated with blunt, nonpenetrating impact
injuries: localized loading and acceleration in the direction of loading. In the
automotive environment the primary collision between the vehicle and what-
ever it strikes is followed by an impact between the occupant and the inside of
the vehicle. This local loading of a part of the body against the instrument
panel or even a seat belt is often referred to as the ‘‘second collision.’’ There

Vol. 64, No. 5, June 1988



382 D.C. VIANO

is also, however, a ‘‘third collision’’ between soft tissue and skeletal struc-
tures that takes place inside the body itself as it is being stopped by the vehicle
interior or restraint system. The contribution of these two types of impacts to
the injury process differs depending on the body region and the severity of the
impact, as described below. The basic function of an occupant protection
system is to reduce the severity of these impacts and thus their potential for
causing injury.

Impact to the face can directly cause laceration from both blunt and sharp
surfaces, and severe blows can cause skull fracture. At the same time, how-
ever, the impacted head experiences abrupt deceleration during which the
rigid skull slows down before the softer brain.5 This results in relative motion
between the brain and skull and causes an internal impact on the side toward
the external load, deformation within the brain itself, and tearing away from
the skull on the opposite side. With a sufficiently severe impact, these pro-
cesses result in vascular and neural damage from compression, stretching,
and shearing of tissues. The greatest concern regarding closed head impact,
then, is the injury potential from impact acceleration. In the abdominal
region, injuries from blunt impact may result from either direct deformation
of soft tissues or relative internal motion. Major laceration of the liver at the
vascular junction is evidence of the latter mechanism. Injuries from local
loading are more common, however, and can occur before significant whole-
body deceleration.6

The primary mechanism of thoracic injury is direct compression of the rib
cage in combination with deformation and stretching of internal organs and
vessels during blunt impact.? When chest compression exceeds the tolerance
of the rib cage, ribs fracture and internal organs and vessels can be ruptured.
In some impacts, however, internal injury can occur without skeletal dam-
age. This can happen particularly during high-speed loading and is due to the
viscous or rate-sensitive nature of human tissues and thus their different
responses to low- versus high-speed impact. When the organs or vessels are
loaded slowly, the input energy is absorbed gradually through deformation.
When loaded rapidly, however, the viscous tissues cannot deform rapidly
enough. Instead, they develop high internal pressures and can rupture before
the ribs have deflected much at all. The ability of an organ or other system to
absorb such energy rapidly without compressive failure is called its viscous
tolerance. Internal organs and vessels can also be torn from their points of
attachment during thoracic acceleration and an associated rapid motion of the
undamaged rib cage, but this is a rare event.

For both penetrating and nonpenetrating impacts, the primary factors that
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determine the type and severity of injury are the amount of body area over
which the impact energy is spread and the speed of the impacting object.
Effective restraint systems not only spread the impact energy over the stron-
gest body structures but markedly reduce the contact velocity between the
body and the surfaces stopping its motion. To assist in the design of such
systems, efforts have been made to quantify levels of injury and to establish
numerical relationships between measurable engineering parameters such as
force, acceleration or deformation, and these injury levels. These relation-
ships are called injury criteria, and the primary concepts are discussed below.

ACCELERATION TOLERANCE CRITERION

Stapp8 conducted a series of rocket sled experiments that demonstrated the
effectiveness of belt-restraint systems in achieving high tolerance to long-
duration, whole-body acceleration and thus improved the protection of mili-
tary personnel exposed to rapid but sustained deceleration. Information from
these experiments and from other tests enabled Eiband® to demonstrate that
whole-body deceleration tolerance increased as the duration of the exposure
decreased. This led to a well-accepted deceleration tolerance curve (Figure 3)
that for the first time linked tolerance information generated in regimes
differing by orders of magnitude in duration of deceleration. This tolerance
curve was based, however, on peak sled accelerations and total time dura-
tion rather than an average of peak accelerations measured on the test sub-
jects themselves. Even with this limitation, the data did provide useful early
guidelines for the development of crash restraint systems for both military
and civilian personnel. The analysis also indicated that rate of onset affected
acceleration tolerance, in that higher peaks could be tolerated if they were
reached over a greater period of time.

The basis for the whole-body acceleration tolerance criterion is Newton’s
second law: that the acceleration of a rigid mass is in proportion to the force
on the moving mass, or F=ma. Although the human body is not a rigid mass,
as will be discussed later, a well-distributed restraint system such as the
harness used in the rocket sled tests makes the thorax at least respond as
though it were fairly rigid. Thus, the greater the acceleration, the greater the
force on the body and the greater the risk of injury. Ability to withstand
higher accelerations of shorter duration implies that tolerance is also related
to the transfer of momentum because an equivalent change in velocity can be
achieved by increasing the level of acceleration and decreasing its duration or
vice versa as AV = aAt. The implication for occupant protection systems is
that the risk of injury can be decreased if the crash deceleration can be
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Fig. 3. Whole-body human tolerance to vehicle deceleration based on impact duration (re-
drawn from Eiband9).

extended over a longer period of time. This can be achieved by increasing the
body’s stopping distance through the use of crushable structures and seat
belts, to be discussed in a later section.

ForcE TOLERANCE CRITERION

In the early 1960s automotive safety engineers were seeking information
on the tolerance of the thorax to applied force. This information was needed
for the development of the energy-absorbing steering system. The energy-
absorbing column included a device that limited the force that could be
applied to it before the structure would deform and absorb energy as it
compressed. Unfortunately, the available human tolerance data did not pro-
vide specific information on the appropriate force at which the system should
begin to deform or to yield. The basic objective for the system was to design
the yield force to be as high as practical while being consistent with human
tolerance, to take maximum advantage of its energy-absorbing capacity and
thus to extend its range of protective capability to higher severity crashes.

Faced with uncertain information on the force tolerance of the chest, a
collaborative program was undertaken between General Motors Research
Laboratories and Wayne State University to develop a crash-simulation facil-
ity and to conduct experiments on human tolerance in automotive crash
situations. The first series of experiments by Patrick et al.10 involved sled
tests with embalmed human cadavers to simulate the response of an unre-
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strained occupant interacting with load-measuring surfaces. Head, chest, and
knee contacts against padded load-cells provided the first information on
human tolerance to impact force. The resulting data on force tolerance of the
rib cage provided the necessary information to design the energy-absorbing
element in the steering column biomechanically.

Subsequent experiments by Gadd and Patrick!! with a prototype energy-
absorbing steering system confirmed that a 3.29 kN (740 1b) maximum force
on the sternum from the wheel hub and an 8.00 kN (1,800 1b) maximum
distributed load on the shoulders and chest resulted in column compression
with only minor risk of rib fracture to the cadavers. These load levels were
thus considered conservative thresholds of injury in situations with well-
centered impacts using a thoracic-force injury criterion.

CoMPRESSION TOLERANCE CRITERION

In the course of the cadaver impact experiments it was observed that the
concept of whole-body deceleration and force did not adequately describe the
tolerance of the chest to blunt impact nor the risk of internal organ injury.
This is because force acting on a deformable body generates two simul-
taneous responses: compression of the thoracic structure and acceleration of
its masses. The neglected mechanism of injury was compression of the chest,
which caused the sternum and ribs to bend and possibly fracture when their
bending tolerance was exceeded. Force is therefore not a sufficient indicator
of injury risk by impact because it cannot discriminate between the two
potential responses and because the acceleration mechanism is less related to
thoracic injury than is compression.

This was confirmed by Kroell,12 who analyzed a large series of blunt
thoracic impact experiments and found that the maximum acceleration of the
thoracic spine was a poor indicator of injury potential for frontal thoracic
loading, and that compression, in terms of maximum percent change in chest
thickness, was a superior predictor of chest injury (Figure 4a). Kroell’s tests
with human volunteers showed that chest compression up to 20% during
moderately long-duration loading produced no detectable injury, and was
fully reversible. Impact tests with human cadavers at levels of compression
greater than 20% showed that, as the compression increased, the risk of
skeletal fractures in the rib cage increased. At 40% compression, multiple
skeletal injuries occurred, indicative of flail chest. Further analysis of the data
by Viano!3 found that, as the protective capability of the rib cage was de-
stroyed by multiple fractures (Figure 4b), direct loading of vital organs
occurred, producing injury to the heart, lungs, and great vessels. Using the
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Kroell data, Neathery et al.14 developed a criterion of maximum chest com-
pression for evaluating the risk of injury from blunt frontal impact. This
criterion indicated that an average-size middle-aged male could experience a
chest compression of 8.8 cm (3.5 in) with moderate but recoverable injury.

Evaluation of the time-varying force and compression response of the
chest in human cadaver experiments also provided information on the dy-
namic stiffness of the thorax. Experimental data on biomechanical response
also allowed the development of corridors predicting the impact response of
the 50th percentile male and other sized cadavers. These data were pivotal to
the development of an anthropomorphic test device with improved thoracic
biofidelity,!5 which ultimately led to the Hybrid III dummy chest used today.
Its improved thoracic structure and response characteristics have allowed the
Hybrid III to be identified as the most appropriate available test tool for the
evaluation of vehicle components associated with blunt chest impact, such as
the energy-absorbing steering system, over a wide range of sled and crash test
environments. 16

Viscous TOLERANCE CRITERION

Over the years, research on the mechanisms of soft-tissue injury has made
it increasingly evident that the body cannot be considered a rigid structure,
and thus an injury criterion based on whole-body acceleration is an inade-
quate predictor of injury risk. The body is, instead, a deformable structure,
and, under conditions of low impact speeds (<5 m/s or 11 mph), rib-cage
tolerance and risk of crush injury can be evaluated using a compression
criterion. This criterion is particularly applicable to belt-restrained occupants
in frontal crashes, in which the relative velocity between the occupant and a
reasonably snug restraint system is small, as is, therefore, the rate of chest
compression. For high thoracic compression rates (>5 m/s), however, which
are typically experienced by unrestrained occupants or those in high-speed
side impacts, the maximum compression criterion does not adequately ad-
dress the viscous properties of the chest and thus risks of soft-tissue injury.
For high-speed thoracic impacts, both the percentage compression and the
velocity of deformation are important parameters relating to injury.

Insight into the mechanism of soft tissue injury in high-speed impact can
be obtained from research on blast-wave injury. Jonsson and Clemedson!”
conducted a comprehensive series of lateral thoracic impact experiments on
rabbits that confirmed the observation that chest compression tolerance to
lung injury is not a fixed maximum value for a wide range of impact velocities
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but rather varies inversely with the velocity of thoracic impact.

The concept was further studied relative to the abdomen by Lau and
Viano!8 using a velocity range of 5 to 20 m/s (11 to 45 mph), which are
potential body impact speeds in high-speed automotive collisions or sports
injury environments. The liver was the target organ, and the test was set up to
attain a maximum level of 16% abdominal compression, well within the
range of tolerable compression for a human volunteer in low-speed (0.4 m/s
or 0.9 mph) loading. Using a varying rate of abdominal compression with the
rabbit model, the experiments verified an increasing severity of liver injury as
the velocity of abdominal compression increased (Figure 5a). Thus, rate of
compression is an important factor in soft tissue injury. Subsequent blunt
thoracic impact experiments on other animal models and organ systems
substantiated the interrelationship between magnitude and velocity of chest
compression. These two factors were found critical to the severity of both
skeletal and internal thoracic injury including the likelihood of ventricular
fibrillation.!9 Similar findings regarding the importance of compression ve-
locity were identified by Stein et al.20 in a series of open thoracic impacts of
the canine heart, in which the risk of fatal arrhythmias increased with the
velocity of cardiac compression.

The previous observations led Viano and Lau2! to propose the concept of a
viscous tolerance criterion for soft tissues in the body, which addressed the
combined influence of compression percentage and velocity of deformation.
The relationship between deformation velocity (V) and compression (C),
defined as VC = [V(t)*C(t)], is called the viscous response and is in fact a
measure of the energy dissipated by rate-dependent (viscous) elements in the
thorax.22 A large series of frontal thoracic impact experiments on rabbits was
conducted with velocities of compression in the range of 5 to 22 m/s (11 to 49
mph) and maximum thoracic compressions of 4% to 55%. Using a threshold
of critical/fatal injury, the experiments confirmed a velocity and compression
sensitivity in tolerance to chest impact. Although the chest could withstand
50% compression for a 5 m/s rate of deformation, the tolerance decreased
significantly to 20% at velocities of 20 m/s (Figure 5b). Further analysis of
the data showed that the maximum of the product of V and C was the best
predictor of critical injury risk. This product (VC_,,) is the maximum vis-
cous response of a system.

The series of blunt chest impacts on unembalmed cadavers conducted at
the University of California at San Diegol2 was reanalyzed by Viano and
Lau22 to determine the viscous response of the chest. Compression was
determined by analysis of high-speed photographs of the impact event, and
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the time histories of the responses were used to determine the viscous re-
sponse of the cadavers. The peak viscous response was found to occur 20 ms
earlier than maximum chest compression in the higher speed impacts of the
cadavers. Kroell2 has shown that rib fractures occur progressively with
compression, the first fracture occurring as early as 9.2 ms and the second at
13.6 ms. In an event such as this, which takes 30 ms to reach maximum
compression, peak viscous response occurs at about the same time as the
initiation of skeletal dmage. The maximum viscous response was correlated
with the risk of critical injury using probit analysis (Figure 6a), and a good
correlation was found between the maximum viscous response and the risk of
critical/fatal soft tissue injury.

In more recent experiments on upper-abdominal injury from steering
wheel contact, the maximum viscous response proved the best predictor of
liver injury severity in the pig as well as time of injury occurrence.6.23 It also
described more clearly the important biomechanical responses of the abdo-
men during steering wheel contact. These studies showed that liver injury by
steering wheel contact occurred at the same time as the peak of the abdominal
viscous response, which was prior to maximum compression of the abdomen
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Fig. 5b. Risk of serious lung injury as a function of the maximum compression of the chest at

three velocities of deformation (Logist analysis of data in2!: V=5 m/s: Chi-square=15.45,

p=0.000, R=0.779; V=10 m/s: Chi-square=17.32, p=0.000, R=0.798; V=18 m/s: Chi-
square=21.71, p=0.000, R=0.791).

or maximum acceleration of the spine. In the pig, VC_,, = 1.4 m/s is the
effective dose for 50% critical liver injury (Figure 6b).24

A major goal of biomechanics research is to quantify the response and
tolerance of the human during impact in order to develop an understanding of
how the body can best be protected using established principles of load
distribution and energy absorption. This information is transferred to the
laboratory, where simulations of crashes and humans, in the form of anthro-
pomorphic test devices, are used to develop, assess, and refine counter-
measures that reduce the risk of impact injury, much as drugs are developed
and tested to control arrhythmia or high blood pressure.

The following section describes the progress and advances made in occu-
pant protection systems in recent years as well as the challenges in designing
such systems for a full range of crash speeds and configurations. These
difficulties would be diminished, however, with a more complete under-
standing of the injury process, which can best be obtained through a coordi-
nated and balanced program of engineering and medical research on impact
injury biomechanics.
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Fig. 6a. Risk of severe chest injury from blunt impact of human cadavers as a function of the
maximum viscous response (Logist analysis of reanalyzed data from!2.22: Chi-square=16.85,
p=0.000, R=0.518).

Occupant Protection Technology

The theory and application of vehicle occupant protection involves three
aspects: vehicle crashworthiness, friendly interiors, and restraint systems.
Each can contribute separately, but the most benefit can be achieved if all are
combined in a safety system package. This section describes how each func-
tions to reduce injury risk as well as how they interact in combination.
Finally, the complexities of designing occupant protection systemé for both
high- and low-speed impacts are discussed along with the upper limits on the
protective capabilities of these systems.

VEHICLE CRASHWORTHINESS

The earliest years of automotive safety technology, from about 1930 to
1950, emphasized structural integrity of the passenger compartment to con-
tain the occupant in frontal and rollover crashes. Figure 7a shows where we
were in 1929. In the 1960s the concept of energy management through crush-
able front-end structures was added. This combined approach attempted to

Bull. N.Y. Acad. Med.



AUTOMOTIVE TRAUMA 393

1.0
n
A 0.8
0 ED.,, = 1.4 m/s
< n = 20 SWINE ¢
w -
S 0.6 y,
> &
- - F
T S
é.(g @‘*&}@
0.2 ‘$§\@z¢”°
E #&&“* f
0 I = T
0.5 1 1.5 2
VC rax (m/s)

Fig. 6b. Risk of severe abdominal injury from blunt impact of anesthetized pigs as a function
of the maximum viscous response (Logist analysis of data in6 and23: Chi-square=27.52,
p=0.000, R=0.963).

preserve the occupant’s space, or ‘‘room to live,”’ while the vehicle’s crush-
ing structures absorbed crash energy, lengthened the stopping time and dis-
tance of the passenger compartment, and thus reduced impact accelerations
acting on the occupant. Achieving such crashworthiness in a vehicle requires
complex engineering and computer analysis to develop a ‘‘programmed”’
crush of the engine compartment that in turn provides a minimum *‘con-
trolled’” deceleration of the passenger compartment. Further improvements
are achieved by isolating front-end structures from the passenger compart-
ment to minimize intrusion or deformation around the occupant. This method
of controlling the “‘first impact,”’ or the crash deceleration of the vehicle, is
an important part of the total occupant protection system in current auto-
mobiles. Because of the greater crushing distance available in the front as
compared to the side of a vehicle, however, this approach is much more
effective in frontal than in lateral impacts.

FRIENDLY INTERIORS

For an unrestrained occupant, the controlled deceleration of the vehicle in
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a frontal crash is followed by impact of the occupant against the vehicle
interior (Figures 7b and 8a). During this ‘‘second impact,”’ the unbelted
occupant continues to travel forward at the vehicle’s precrash velocity and
strikes the interior, which has now come to rest in front of the occupant.
Postcrash observations during the 1960s indicated that many injuries could be
eliminated merely by removing hard knobs and sharp edges that occupants
tended to hit, just as rigid hood ornaments have been removed for the benefit
of pedestrians. Further protection of the occupant is achieved, however, by
the use of energy-absorbing interior structures and load-distributing surfaces
that minimize the occupant’s impact acceleration while spreading the remain-
ing forces over a broader portion of the body’s strongest parts. This approach
is often referred to as the ‘‘friendly’’ interior.

The concept of impact energy absorption has two aspects. First, the change
in velocity experienced by the occupant must be extended over as long a time
as possible. This can be done by having the occupant hit something that will
deform in the direction of impact in a controlled manner, thus increasing the
body’s stopping distance. Second, it is important that the yielding structure
not spring back at the occupant, but rather deform permanently or recover
only very slowly. Otherwise, the impact energy would be returned to the
occupant and not absorbed by the structure.

The simplest method to achieve both energy absorption and load distribu-
tion is to install thick, slow-recovery foam padding wherever possible around
the occupant. The use of padding, however, has practical limitations as well
as limits on its effectiveness in severe crashes. As a result, other more
complex systems have been developed to deal with particular occupant
needs. Improved protection for the driver has been achieved by the develop-
ment of an energy-absorbing steering system, which uses a force-limiting
column to safely decelerate the driver. Another effective safety feature is the
high-penetration-resistant windshield, which uses a stretchable plastic layer
between two sheets of glass for head impact protection.

Energy-absorbing steering system. Identification of the need for an en-
ergy-absorbing steering system resulted from research on the sources of
driver thoracic injury and on methods to decelerate an unrestrained body
safely as it contacts the steering wheel. The basic concept was to design a
steering column that would crush at a prescribed load, which was in turn not
great enough to cause significant rib fracture. This device would increase the
driver’s stopping distance, thus decreasing thoracic deceleration, and absorb
impact energy. As indicated earlier, however, early development of the
system was delayed by a lack of knowledge about the tolerance of the thorax

Bull. N.Y. Acad. Med.



AUTOMOTIVE TRAUMA 395

Fig. 7a. Sequence photos from a high-speed movie ofa 1929 Chevrolet in a 50 kph (30 mph)
frontal barrier crash with unrestrained dummies in the driver and right-front passenger seating
' positions.

to impact force. The cadaver experiments conducted in support of this project
identified for the first time the force level needed for compression of the
steering column that would minimize the risk of chest injury.10 Later tests
demonstrated the need for load sharing between the chest and shoulders,
accomplished through load distribution over the rim, spoke, and hub surfaces
of the steering wheel.ll Biomechanics research thus played an essential role
in the development of this very effective occupant protection technology.
The energy-absorbing steering system was introduced in 1967 model vehi-
cles. The final system (Figure 9) included a compressible ball-sleeve column,
a steering wheel with improved load distribution and stiffness, and an anti-
intrusion mounting bracket to reduce rearward motion of the steering system
resulting from crush of the engine compartment.25 When the load of the
driver on the steering wheel exceeds the compressive force of the energy-
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Fig. 7b. Sequence photos from a high-speed movie of a 1982 vehicle in a 50 kph (mph) fron-
tal barrier crash with unrestrained dummies in the driver and right-front passenger seating
positions.

absorbing element, the column slips out of the shear capsule, compresses,
and absorbs energy (Figure 9). This system has proved effective in saving
lives and reducing injuries. An evaluation by the National Highway Traffic
Safety Administration26 found that the overall risk of driver fatality in a
frontal crash had been reduced by 12% since the introduction of the energy-
absorbing steering system, but that the risk of serious injury (including death)
due specifically to contact with the steering assembly had been reduced by
38%.

High-penetration-resistant windshields. Injury research during the early
1960s indicated that the windshield glass in use at the time caused significant
facial laceration. These windshields were constructed of two glass layers
with a thin (0.38 mm or 0.15 in) layer of plastic tightly bonded between them.
This laminated glass was thus fairly brittle and would break and be penetrated
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Fig. 7c. Sequence photos from a high-speed movie of a 1982 vehicle in a 50 kph (30 mph)
frontal barrier crash with lap-shoulder belt restrained dummies in the driver and right-front
passenger seating positions.

by the head in severe crashes (Figure 10), and often the face was raked against
the jagged edge of the hole made by the head. It was determined that signifi-
cant occupant protection could be achieved if the head could be kept from
passing through the glass during impact while at the same time ensuring that
the head would be safely decelerated to protect against concussion injury.
Extensive collaboration between engineering and medical experts was
required to develop a laminated glass that would yield under impact, to
increase the head’s stopping distance, and still resist head penetration at
higher impact speeds. The collaboration resulted in Gurdjian and Lissner
conducting many series of head impact experiments at Wayne State Univer-
sity.27 .Their data were analyzed by Gadd,?8 who developed a weighted
impulse criterion based on average head acceleration raised to the 2.5 power
and impact duration to assess concussion injury risk. This so-called Gadd
Severity Index (GSI) became a widely accepted method of head injury assess-
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Fig. 8. Representation of occupant dynamics in a frontal barrier crash with unrestrained driver

impacting the windshield, steering wheel, and instrument panel during the ‘‘second’’ impact

and with a lap-shoulder belted driver ‘‘riding down’’ the vehicle deceleration and experiencing
restraint from the ‘‘second’’ impact.

ment in anthropomorphic dummy tests and was the forerunner of the current
Head Injury Criterion (HIC). These criteria are based on the principle that
rigid body mechanics reasonably applies to the closed head injury problem so
that head acceleration is a meaningful measure of brain injury risk.

Other research29 led to the development of a chamois covering for the
dummy head which provided an objective indication of the laceration protec-
tion of prototype windshields. Eventually, a series of a cadaver impact exper-
iments was conducted using various prototype windshields in simulated
vehicle crashes. These tests showed that a thicker (0.76 mm or 0.30 in)
plastic inner-layer bonded more loosely to the two outer sheets of glass could
provide a stretchable structure (Figure 10) with greater energy-absorbing
capability that could still safely keep the head from penetrating the wind-
shield at impact speeds up to about 29 mph.30

The optimal characteristics for occupant protection and manufacturing
feasibility were worked out in a joint effort between the automobile industry
and the glass manufacturers, so that it was posssible to introduce the new
windshields in all 1967 model vehicles. Since then, high-penetration-resi-
stant windshields have proved remarkably effective in reducing injuries to the
face while not increasing the risk of brain concussion.3! A recent evaluation
by the National Highway Traffic Safety Administration32 found a 70% reduc-
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Fig. 9. Energy-absorbing steering system designed with a compressible element that resists
driver impact and gradually deforms under load to protect an unrestrained driver. The system
is shown in normal configuration and after full compression. The anti-intrusion shear capsule
resists rearward movement of the steering system by deformations of the engine compartment.

tion in nonminor facial lacerations and fractures through the use of these
windshields. More recent safety developments of windshield glass have fo-
cused on antilaceration inner shields, where a layer of plastic lines the inner
surface of the windshield (Figure 10) further to prevent laceration of the face
and scalp,33.34 and on a better method to assess head dynamics and facial
contact force during glass impact.35

RESTRAINT SYSTEMS

Although interior safety in the form of energy-absorbing structures and
load-distributing surfaces has achieved tremendous gains in occupant crash
protection, the crush distance available in even the friendliest interior is only
a fraction of that needed to achieve safe occupant decelerations in a high-
speed vehicle crash. Not surprisingly, the risk of serious injury and fatality
increases uniformly with crash severity, as measured by vehicle velocity
change (AV) (Figure 11). This risk is quite low in the least severe crashes but
approaches 50% for serious injury and 25% for death of unrestrained occu-
pants in accidents with a velocity change of more than 35 mph. This high risk
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PRE 1966 HPR WINDSHIELDS
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Fig. 10. High-penetration-resistant windshields which cushion the head during impact by
stretch of the plastic interlayer and shield the face from laceration.

in the more severe crashes demonstrates the limits of protection possible with
friendly interiors alone. In contrast, a similar plot of serious injury risk
(Figure 11) for those using the available lap/shoulder belt restraint system is
significantly lower for all but the highest crash speeds. These data indicate
that further enhancement of occupant protection can only be achieved with
restraint systems that allow the occupant to take better advantage of the
vehicle’s crashworthy structure, as described below.

Seat belt restraint. A snug-fitting lap/shoulder belt ties the occupant di-
rectly to the passenger compartment and allows that occupant to ‘‘ride-
down’’ the crash as the vehicle’s front end crushes (Figures 7¢ and 8b). This
coupling and ride-down decelerates the occupant more gradually than current
energy-absorbing interior structures can and eliminates the more severe occu-
pant-to-interior ‘‘second collisions,’’ provided the belts are themselves fairly
tight. Belts are also designed to distribute restraining loads over strong skele-
tal structures, including the shoulder, rib cage, and pelvis, to optimize pro-
tection during deceleration. Finally, belts provide significant control over the
occupant’s motions during extreme impact, ensuring that the friendly inte-
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Fig. 11. Risk and distribution of serious injury and fatality as a function of the severity of the
crash measured by the change in velocity of the struck vehicle (1979-82 NASS data)52 and
comparative risk of injury for unrestrained and belted front seat occupants.

riors also load the body as designed. In contrast, the kinematics of unre-
strained occupants and resulting interior contacts are highly unpredictable
over the wide range of real world crashes. Even in rollover crashes, use of a
lap/shoulder belt virtually eliminates the risk of ejection as well as the poten-
tial for disabling spinal cord injury by keeping the occupant in the seat.36

A lap/shoulder belt restraint system adds significantly to the effectiveness
of the total occupant protection system. When used, seat belts reduce the risk
of death by 43%37 and serious injury by 40%-70% in motor vehicle
crashes.38,39

Inflatable restraints. Air bag restraint systems were developed to over-
come the primary weakness of belt systems: to be effective belts must be
fastened in advance, usually by the occupant. Using a pyrotechnic device to
generate nitrogen gas, a bag can be rapidly inflated during the early phase of
vehicle frontal crush without action by the occupant. The bag then “‘fills”’
some of the space between the occupant and the interior, which couples the
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occupant to the passenger compartment and achieves the safety benefits of
ride-down and load distribution.40 This coupling is only temporary, how-
ever, because the bag must be vented and deflate, so that it will not act as a
spring. However, the rapid deployment speed of an air bag can present a risk
to occupants, including children, who may be close to the bag during infla-
tion. Its design requires a trade-off between a long inflation time to reduce the
risk of inflation injury and a rapid inflation, quickly to fill the space between
the occupant and the interior.4!

Because air bags neither remain inflated nor provide lateral restraint, seat
belts are needed adequately to control occupant kinematics over the range of
crash types, including rollovers and side impacts. The current safety think-
ing, therefore, is to use inflatable restraints as a supplement to seat belts. The
lap/shoulder belts would provide the primary coupling to the vehicle and
control of kinematics, while the air bag would provide the additional protec-
tion of load distribution and crash energy absorption in the more severe
frontal crashes. This combination of safety technologies can work with crash-
worthy vehicles and friendly interiors further to enhance occupant protection.

COMPLEXITIES AND LIMITATIONS OF CRASH PROTECTION

Even with the advances that have been made in occupant impact protec-
tion, there remain problems difficult to resolve and some for which there are
no solutions. Specifically, energy-absorbing structures that are evaluated
only under high-severity test conditions, while effectively reducing injury in
high-speed impacts, may actually increase injury in the more frequent low-
speed impacts.42 It must also be recognized that, after a certain point, the
capabilities of protective systems are exceeded and that the only way to
protect against injury in very high severity crashes may be to avoid such
crashes altogether.

The energy-absorbing steering system presents the apparent design di-
lemma indicated above. If the unrestrained driver’s chest hits the system with
maximum tolerable force, as in a high-speed crash, it would be advantageous
if the structure were at maximum stiffness to provide controlled crush and
energy absorption without bottoming out to a more rigid structure. Although
some injury, such as rib fracture, might result, the system would give the
driver a level of protection far beyond that possible with merely a padded
surface. Such severe crashes, however, occur much less frequently than low-
speed impacts, in which a driver would be better served by a ‘‘softer’’
steering column that would give way with very little force, so that no frac-
tures or bruising would occur.
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Thus we have a situation in which a system that was tested only at high
speeds might reduce serious injuries in severe crashes while inadvertently
generating minor injuries in low-speed impacts. If a 50% injury reduction
among 100 high-severity crashes is offset by a 5% increase in injury among
1,000 low-severity crashes, there is no net gain in safety. Actual crash data
indicate that the level of ‘*harm’’ (defined as the sum of all injuries weighted
according to their societal cost) associated with steering system and interior
contact is fairly uniformly distributed across the range of frontal crash severi-
ties.43,44 Further improvements in this or any protective system would only
be acceptable if injury were reduced uniformly for all crash configurations
and severities or, alternatively, for a limited range of severity, as long as
injury risks were not increased for other types of crashes.

In the case of the energy-absorbing steering system and other interior
contact surfaces, an improvement has been the incorporation of graduated
force level42-45 where proper evaluation of the design change required a
broad program of crash investigation and laboratory testing using the most
sophisticated test equipment and biomechanical knowledge to interpret the
results. Merely testing occupant protection systems in government-mandated
30-mph frontal barrier collisions or single high-speed impact may not pro-
vide adequate information to judge their safety performance in the real world.

Unfortunately, there are upper limits on the ability of any combination of
automobile crashworthiness, friendly interiors, and restraint systems to pro-
tect against very high-speed impacts, which result in severe passenger com-
partment deformation and high occupant accelerations. A detailed evaluation
of 101 deaths of front-seat occupants, only four of whom were wearing belts,
determined that half the victims could not have survived with any restraint
system, including lap/shoulder belts or air bags.46 A passenger vehicle has
only so much space to crush, and humans have only so much tolerance to
acceleration and direct impact. When these limits are exceeded, the result is
serious or fatal injury. It is not realistic, for instance, to expect occupants to
survive in the most severe real world collisions, which may involve very high
speed impacts with heavy trucks or immovable objects.

The recent campaigns to encourage seat belt use, along with the installa-
tion of inflatable restraints, may unfortunately raise the public’s expectations
too high as to the potential safety benefits of restraint systems. Even the most
sophisticated system cannot guarantee absolute protection from trauma. It
cannot be denied, however, that vast improvements in occupant protection
have been made during the last 20 years, and that the best strategy for anyone
traveling in a motor vehicle is to take maximum advantage of the available
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systems. At the same time, it must be recognized that, just as there is no
universal innoculation against disease, there is no single solution to occupant
protection. Vehicle-based systems are not enough and must be assisted by
changes in the driving environment and in the behavior of drivers themselves.

Crash Injury in Society

Crash injury in the United States is a significant health issue with both
immediate and long-term consequences for individuals and society.47 Acci-
dents of all types are the fourth leading cause of death, accounting for 5.5%
of deaths in this country, and over half of these are from injuries sustained in
motor-vehicle related crashes (Figure 12a). Accidents primarily afflict the
young, accounting for nearly 55% of deaths of people 15 to 24 years old, and
they are the leading cause of death for people under the age of 45.

Half the motor vehicle crash fatalities are occupants of passenger cars, but
more than a quarter are pedestrians and motorcyclists, who are the least
protected road users (Table I). In contrast, occupants of heavy vehicles, such
as large trucks, have the lowest risk of death. The circumstances of fatal
crashes are virtually limitless and range from low to high severities, but
nearly 40% of fatal motor vehicle crashes involve drivers younger than 25
years old. Alcohol is also a significant factor in fatal crashes. Police and
autopsy records show that at least one of the drivers had been drinking prior to
about 50% of these crashes (Table II),48 and medical research indicates that
alcohol in body tissues increases their susceptibility to injury.49.50

Looking at the problem from a different perspective, accidents are respon-
sible for more years of lost productive life than any other cause (Figure
12b).51 These estimates take into account the age of the victim before age 65
and thereby ascribe the greatest loss to the youngest victims. Loss of life,
however, is only part of the consequences of crash injury. In 1982 more than
three million survivors of motor vehicle crashes were hospitalized for inju-
ries; nearly 140,000 seriously injured people required an average of 12 days
of hospital care and missed an average of 31 days of work.52 This represents a
significant cost to society.

LoNG-TERM CONSEQUENCES

Injury takes thousands of lives and injures millions of people annually.
Although most of the injured recover, tens of thousands are seriously crippled
and disabled.53 Severe disabling injury from motor vehicle crashes has be-
come a major health care issue. Most such disability is from brain and spinal
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TABLE 1. PEOPLE INVOLVED, PEOPLE INJURED, AND FATALITIES PER YEAR
IN MOTOR VEHICLE RELATED CRASHES, AVERAGE OF 1982-1985;
NATIONAL PROJECTION OF NASS; FATALITIES FROM FARS;

All All Seriously
involved injured injured Fatalities
Vehicle occupants Count Count % Count % Count %
All cars 11,488,007 2,471,578 21.5 105,876 0.9 23,061 0.2
Towaway Cars 3,230,795 1,620,865 50.2 102,453 3.2 22913 0.7

Non-towaway cars 8,257,212 850,713 10.3 3,423 0:0 148 0.0
Light trks & vans 2,633,781 446,098 16.9 28,919 1.1 6,545 0.2
Medium & hvy trks 470,249 40,554 8.6 3,393 0.7 1,067 0.2

Motorcycles 189,626 149,598 78.9 35,686 18.8 4,467 2.4
Buses 311,310 12,660 4.1 48 0.0 48 0.0
Other 12,398 1,805 14.6 665 54 244 2.0
Non-Occupants

Pedestrians 125,733 105,779 84.1 26,980 21.5 6,998 5.6
Bicyclists 89,729 82,547 92.0 7,908 8.8 850 0.9
Other 51,193 16,269 31.8 699 1.4 201 0.4
Total 15,372,026 3,326,888 21.6 210,164 1.4 43481 0.3

All injured: irrespective of severity or outcome
Seriously injured: at max AIS of 3 or higher, irrespective of outcome
Note: Shown counts and percentages are not mutually exclusive.

cord injuries, which permanently destroy motor, sensory, or cognitive
function.

A typical crash victim receives multiple injuries.47 The most frequent
injuries are to the long bones and joints of the extremities. Although such
injuries can involve extended temporary disability, they are generally limited
in severity to lacerations and fractures, and the victim has a good chance of
full recovery. The head is the second likeliest site of injury but receives the
greatest number of critical injuries. In half of all victims the head is the most
severely-injured region of the body, and many of these critical injuries, as
well as a small fraction of the less severe ones, are not reversible.

Short duration unconsciousness is the most frequent brain injury and is
generally thought to be recoverable, but evidence is mounting that permanent
changes in function occur in some cases.54 Longer duration concussion and
coma represent more severe brain injuries and frequently have concomitant
focal contusion of brain tissue. Although surgery can often preserve life,
recovery of brain function is uncertain. Prompt and appropriate treatment of a
person with injury to the central nervous system is also important to eventual
recovery. There is often a ‘‘window of time’” within which stabilization of
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TABLE II. ALCOHOL INVOLVEMENT IN MOTOR VEHICLE CRASHES
1985 SUMMARY

Crashes Percent Number
All fatal (43,795 from FARS) 51% 22,360
Injury (3,365,000 from NASS) 16% 541,000
Property damage (17,100,000 from NASS) 8% 1,368,000
All crashes (19,300,000 from NASS) 11% 2,123,000

FARS —Fatal Accident Reporting System
NASS —National Accident Sampling System

the patient may halt metabolic changes that contribute to permanent tissue
damage.

A recent study of hospital admission and discharge information55 esti-
mated an annual incidence of 204,000 people with acute brain trauma from
transport related accidents (Figure 13), of which nearly half (48%) occur to
vehicle occupants in crashes. Hospital release dataS6 project that 17% of the
total, or 34,200 people, will die annually, more than two thirds of these at the
scene of the injury and the rest after admission to the hospital. The vast
majority of survivors experience good recovery or only mild impairment
upon release from the hospital, but 4% of the patients have moderate to
severe impairment or remain in a vegetative state. Overall, 7% of all brain-
injured patients discharged have a neurologic deficit or disability, as identi-
fied by a physician after the course of primary care. This translates to a
national projection of 11,900 people annually with long-term neurologic se-
quelae from acute brain injury in transport accidents. Recent studies show
that an additional 15,800 people, or 10% of those classified as having good
recovery, may still experience psychological or cognitive deficits that can
affect employment and life style.

Since central nervous system tissue is susceptible to irreversible damage,
there is also concern that neck injuries may include the spinal cord, with
possible loss of motor and sensory function. The annual incidence of trans-
port related spinal cord trauma is estimated at 7,250 (Figure 13), more than
half (58%) occurring to occupants of vehicle crashes.57 The fatality rate for
those with spinal cord injury in the United States is 47.6%, or 3,450 people
annually. Nearly 75% of these die at the injury scene and the rest after
hospital admission. Although patients admitted to the hospital with spinal
cord injury appear to have a higher risk of dying in the hospital than those
admitted with acute brain injuries (16% versus 6%), this difference merely
reflects the large number of admissions for minor head injury. In contrast to
acute brain injury, the vast majority of the 3,770 survivors experience impair-
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Fig. 13. Projected incidence of transport related acute brain and spinal cord injury including
neurologic impairment at the time of hospital discharge (drawn from data in 55-57).

ment at the time of discharge. Some are quadriplegic (4.2%), many are
paraplegic (26.4%) or otherwise paralyzed (22.2%), others experience pare-
sis or muscle weakness (42.4%), and 4.2% have other minor deficits. Al-
though 44% of the patients admitted with quadriplegia or paraplegia improve
and are released with a less severe impairment, fewer than 1% of all admis-
sions are released with good recovery.

The foregoing documents that brain and spinal cord injuries have clear
risks of permanent disability and fatality. Further, recent analysis of injury
patterns in Europe indicates that brain and spinal cord injuries continue to be
an important accident consequence, particularly for the driver, even with
widespread safety belt use.39 Although hospital admission data indicate that
brain injury is 28 times more frequent than spinal cord injury, when outcome
is considered, the incidence of permanent disability from brain injury is
approximately three times that of spinal cord injury, seven times if mild
brain injury disability from the ‘‘good’’ recovery group is included. Figure 14
shows the expected national incidence of permanent central nervous system
disability to occupants injured in motor vehicle crashes. When permanent
paralysis from spinal cord injury is compared with the severe and vegetative
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pants (drawn from data in 55-57).

brain injury cases, spinal cord paralysis is nearly as frequent as severe cogni-
tive or functional brain injury, actually more than 30% greater if quadri-
plegia/paraplegia is compared with vegetative coma. The severely impaired
victims require attendant care in nearly half of the cases.58 Only one in 10 of
these victims returns to gainful employment, and nearly 40% are unemploy-
able for years after the injury. These individuals face an average life expec-
tancy of 36 years, and about a quarter live 50 years or more after the crash
injury. Thus, the expected national prevalence of the most severe central
nervous system disability from vehicle occupant injury is approximately
115,000 (nearly 225,000 for transport-related cases).

A NATIONAL STRATEGY

Crash injury costs society billions of dollars annually, a recent estimate by
the National Highway Traffic Safety Administration approaching $60 bil-
lion.5% Much of the human damage, work loss, and disability from accidents
may be preventable by more effective accident preventive measures, occu-
pant protection technologies, and medical treatment and rehabilitation; yet
trauma prevention research receives only a small fraction of federal research
dollars invested in health problems.! This is likely to change as both the
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public and the various professionals working in related fields understand and
recognize that there is a national problem, it can be controlled, although not
eliminated, and the solutions are complex and will involve contributions
from and cooperation among a wide range of groups.

The public has generally had a low perception of the injury risk involved in
highway vehicle travel. This perception is reinforced by the millions of miles
of accident-free travel that occur each day. There are also, however, thou-
sands of crashes each day and deaths each year. Better awareness of this risk
should encourage individuals to use the available belt restraint systems,
which enhance the built-in protection in automobiles, as the best defense
against the drunk or careless driver. We are currently seeing an increase in the
use of lap/shoulder and lap-only belt restraint systems, because of the adop-
tion of mandatory belt use laws in many states and the demonstrated effec-
tiveness of child safety seat use.60 This change is causing a shift in the
patterns of injuries and disabilities in motor vehicle crashes, including not
only decreases in severe head and chest injuries but an increase in belt-related
injuries in the more severe crashes. Such shifts require awareness and train-
ing among emergency medical personnel to look for injuries that may be
unfamiliar and not immediately apparent. They also demand the collection of
more complete biomechanical response and tolerance data so that protective
systems can be further improved for a wider range of crash situations. Al-
though we have made progress, the preceding review of the crash injury
situation in America demonstrates how far we yet have to go in preventing
and controlling injury to the motoring public.

Injury control is a complicated problem requiring the cooperation and
consensus of many groups who are most affected. These include the automo-
tive industry, insurance industry, federal transportation agencies, public
health agencies, advocacy groups for consumers and injured persons, injury
research organizations, and other academic and public groups with a voice
and interest in reducing motor vehicle crash injuries, disabilities, and fatal-
ities. The problem of injury in America can be controlled, but resources are
limited and their effective use is critical. It may be, for instance, that vehicle-
based crash protective systems have reached a plateau of effectiveness, and
that significant further improvements will only come with very large expendi-
tures. The same resources applied to driver behavior or the road environment
may result in a larger payoff, but decisions regarding safety investment
cannot be made by a single group or organization.

Safety experts agree that there is no single solution to the occupant protec-
tion problem, and that a combination of technologies will be the most effec-
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tive defense against the wide range of real-world crash situations. Likewise, a
combination of approaches is required to control the entire chain of events of
accident, injury, and long-term consequences. This calls for a national strat-
egy, arrived at by consensus among entities that may formerly have been at
odds, and supported by quality engineering, medical, and social research.

Summary

Trauma, with particular emphasis on blunt impact and acceleration injury
in the automotive environment, is compared to major diseases with regard to
its characteristics and effects on individuals and society. The causes of motor
vehicle crashes are reviewed and evidence is presented that the vehicle is a
minor factor in accidents. Injury causation is discussed in engineering terms,
and several approaches are presented for setting criteria to establish injury
thresholds and to evaluate the effectiveness of injury preventive systems. The
history and current status of occupant protection technologies are described,
including vehicle crashworthiness, friendly interiors, and restraint systems,
and special attention is given to the need to use various systems in combina-
tion for maximum effectiveness. Finally, the broad scope of trauma’s impact
on society is described in terms of long-term consequences, including human
disability and loss of productivity, and an appeal is made for a balanced and
cooperative approach among various organizations and interests further to
control automotive impact trauma in the future.
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